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for HMF, as well as significant SCA effects of up to 25%. No significant reciprocal effects were found. 
HMF is promising to be incorporated into elite maize breeding programs to potentially overcome the need 
of using colchicine treatments for genome doubling. Colchicine aided doubling success rates varying 
from almost zero to 30%. HMF has an advantage over artificial genome doubling both in terms of 
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Abstract 
Doubled haploid (DH) lines are used in maize breeding to accelerate the breeding cycle and create 
homogenous inbred lines in as little as two seasons. These pure inbred lines allow breeders to 
quickly evaluate new cross combinations. There are two important steps in creating DH lines: 1) 
generation and selection of haploid progeny, and 2) genome doubling to create fertile, diploid 
inbreds.  Colchicine is widely used to artificially double genomes in haploid plants, which is 
hazardous, expensive, and time consuming. In this study, three public inbred lines A427, A637, and 
NK778 were found to have substantial haploid male fertility (HMF). A six-parent full diallel between 
these three HMF lines and three non-HMF lines was created and HMF was scored. Diallel analysis 
revealed significant GCA estimates of up to 17% for HMF, as well as significant SCA effects of up to 
25%. No significant reciprocal effects were found. HMF is promising to be incorporated into elite 
maize breeding programs to potentially overcome the need of using colchicine treatments for 
genome doubling. Colchicine aided doubling success rates varying from almost zero to 30%. HMF has 
an advantage over artificial genome doubling both in terms of increased success rates and decreased 









Production of doubled haploid (DH) lines in maize (Zea mays L.) has provided breeders and 
geneticists a powerful tool for the rapid production of homozygous inbred lines for testing and 
evaluation. The application of DH lines and their advantages in both breeding and genetics have 
been discussed at length (Bernardo, 2009; Geiger, 2009; Prigge et al., 2011; Longin et al., 2011). 
Maize was not the first, nor is it the only crop to realize the potential applications and benefits of 
DHs. For many crops such as wheat (Triticum spp.), barley (Hordeum vulgare L.), rye (Secale cereale), 
rapeseed (Brassica napus), broccoli (Brassica oleracea), tobacco (Nicotiana tabacum), potato 
(Solanum tuberosum), sugar beet (Beta vulgaris L.), onion (Allium cepa), apple (Malus domestica), 
poplar (Populus tremula), oak (Quercus spp.), and some citrus species, protocols for production of 
DH lines are available. Though multiple methods exist for the production of maize DH lines, the most 
popular is the in vivo maternal haploid induction system due to its ease of use, success rate, and 
flexibility. With this system there are three key biological steps that must occur for the successful 
production of DH lines: 1) the production of haploid progeny (De La Fuente et al., 2018), 2) 
identification of haploid progeny (De La Fuente et al., 2016), and 3) successful genome doubling in 
haploid plants. 
Although widely adopted, especially by breeders in large companies, the current maize DH 
system is not without shortcomings. First, the rate of haploid induction limits the number of haploid 
progeny which can be produced. The rate of haploid induction is a trait under quantitative genetic 
control (Prigge et al., 2011). Second, without doubling treatments, the rate of haploid fertility is low 
(Ren et al., 2017; Wu et al., 2017). With genome doubling treatment, rates typically exceed 8% 
across a broad range of germplasm (Kleiber et al., 2012). In order for haploid plants to be fertile, 
genomes of cells which lead to the formation of reproductive organs must be doubled. Genome 
doubling produces a diploid, which is expected to be 100% homozygous and thus, results in 
completely homogeneous and fully inbred lines. After genome doubling, reductional division is 
possible and meiosis leads to the formation of fertile pollen and egg cells.  
The current DH system relies on use of artificial doubling treatments. The most widely used 
method is the application of the chemical colchicine. The first report of colchicine as a doubling 
agent dates back to 1937 (Blakeslee and Avery, 1937). Colchicine acts by inhibition of the mitotic 
spindle apparatus (Borisy and Taylor, 1967). Refined application practices led to reported doubling 
rates of between 16-49% (Eder and Chalyk, 2002). Colchicine is a toxic chemical to both user and 
plant and remains expensive. The use of colchicine requires specialized training and supervision as 
well as appropriate disposal protocols. The most problematic issue with this system is the need for 
germination, treatment, and subsequent transplanting, which requires substantial labor input 
compared to direct sowing maize seed in the field either by hand or with a planter. Dependence on 
colchicine also limits application of DH technology in developing countries (Kleiber et al., 2012).  
Observations made at the Iowa State University Doubled Haploid Facility (ISU-DHF; 
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the use of colchicine treatment, skilled labor, and appropriate facilities, some maize populations 
used for DH production are recalcitrant and double their genomes at low rates (<1%). This is most 
commonly occurring in specialty maize such as popcorn and sweet corn. However, it is also found in 
elite temperate adapted maize populations, leading to reduction of selectable variation in breeding 
programs when applying DH technology (Molenaar et al., 2019). 
Spontaneous haploid genome doubling (SHGD) has been reported in maize (Ren et al., 2017; 
Wu et al. 2017; Wu et al., 2014; Sugihara et al., 2013; Kleiber et al., 2012; Yang et al. 2019) as well as 
in other grass species and has likely been an important factor in the formation of some of our 
polyploid crops (Castillo et al., 2009).  However, for practical production of DH lines the rate of SHGD 
must be somewhat comparable to artificial genome doubling (~8-10%). SHGD has been reported for 
tropical and elite temperate maize with European and North American origin (Kleiber et al., 2012) as 
well as Chinese germplasm (Ren et al., 2017; Wu et al., 2017). Haploid male fertility (HMF) is the 
primary proxy for SHGD, since haploid female fertility is typically not the limiting factor (Chalyk, 
1994; Liu et al., 2016). In this study HMF is the primary trait scored. HMF does not guarantee SHGD, 
as female fertility is also required. However, since HMF is the primary limiting factor, this was the 
focus herein. 
A six parent diallel was produced between two sets of three HMF inbred lines, each set 
having either low or high HMF rates. The objective of this study was to investigate the inheritance 
and phenotypic expression of HMF across a diverse set of environments. 
 
Materials and Methods 
Preliminary Experiments 
As part of a study of inducibility (De La Fuente et al., 2018), a total of 160 public and expired 
Plant Variety Protection (ExPVP) inbred lines were pollinated with the maternal haploid inducer 
‘RWS/RWK-76’ (Röber et al., 2005). Haploid kernels from these inbred lines were grown at the Iowa 
State University Agricultural Engineering and Agronomy Farm in Boone, IA, in the summer of 2013 in 
a preliminary screening experiment. A total of 50 putative haploid kernels of each ExPVP line were 
directly planted with a plot planter in a two-replication randomized complete block design. A haploid 
plant was scored as fertile, if its tassel shed pollen. Self-pollinations of putatively male fertile haploid 
plants were attempted, as well as test pollinations onto diploid lines. All crosses produced intact 
seed, which was subsequently grown for other experiments and confirmed as derived from a 
pollination by fertile haploid plants using DNA markers (data not shown). Three inbreds were 
identified with high (>48%) HMF: NK778, A427, and A637. These three inbred lines along with three 
inbred lines with high inducibility, but low HMF (CR1HT, Pa91HT1, WF9) were selected to evaluate 
inheritance of HMF in this study and inducibility in a companion study (De la Fuente et al., 2018). 
Seed from all six lines was acquired from the USDA North Central Regional Plant Introduction Station 
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reciprocals, producing 30 unique F1 hybrids. These hybrids were pollinated with the maternal 
haploid inducer RWS/RWK-76 in 2014 at the Agronomy Farm to produce haploid seed for each of 
the hybrids. Seed was then visually sorted using the R1-nj color marker.  
The three identified inbreds and their corresponding haploids were grown side-by-side for 
confirmation in summer 2014 and 2015 (Figure 1) at ISU-AEA.  Haploids were confirmed to produce 
fertile anthers and were phenotypically distinct from their inbred counterpart (Figure 1); most likely 
due to the effect that reduced copy numbers of some gene products has on many triats, most visible 
being the reduction in size of the final plant tissues compared to the diploid inbred. Additionally, a 
cross made between an HMF haploid from the highest doubling line and a haploid plant from a non-
doubling line was grown in the greenhouse in the winter of 2013 at ISU producing fertile F1 plants 
which were induced with ‘RWS/RWK-76’. These haploids were directly planted in the field and 
segregated for HMF at a near 1:1 ratio, supporting our observations that this is a heritable, stable, 
and selectable trait. This suggests that there is possibly a major locus that is controlling this trait 
(Ren et al., 2019, submitted). 
 
Field Trials 
Haploids of each of the 15 F1s and their reciprocals were grown at a total of four locations: 
Iowa State University’s Agricultural Engineering and Agronomy Farm (AF) in Boone, IA, USDA’s North 
Central Regional Plant Introduction Station (PI) in Ames, IA, University of Illinois Research Farm (IL), 
Urbana, IL, and Texas A&M University’s Field Research Station (TX) near College Station, TX. In 
addition, the haploids of the six inbreds were grown in a smaller two replication trial at AF in paired 
rows with their corresponding inbred line for comparison. The trial at Texas A&M was planted in two 
row 9 m plots at 0.7 m spacing with a total of 90 kernels planted in each plot. The TX trial was 
delayed in planting due to heavy rains that fell in the early spring in TX. Once the plots were planted 
and established, heavy rains in May caused the nearby Brazos River to flood the nursery. However, 
data could still be taken as the plants were at flowering already. The remaining three trials were 
planted on 5.5 m plots with 0.7 m spacing with 28 kernels planted per plot in 2015. Weather in Iowa 
(PI and AF) was cooler and wetter than average, especially around flowering time.  The trial at IL 
experienced a rainy and cold spring, but a normal summer season.   Normally haploid plants are 
germinated, treated with colchicine, and then transplanted into the field. For this experiment, since 
putative haploids have HMF, haploid seed was directly planted with a double disk plot planter. All 
plots were maintained using standard local agronomic practices. Once plants reached ~V5 (Elmore et 
al., 2011) misclassified hybrids were visually identified (obviously much taller and more vigorous 
plants) and removed from the plot so that only haploid plants remained. A stand count was taken of 
the final number of plants in the row. At AF one replication of the trial was hand pollinated to 
confirm that the pollen was viable and could be used to produce seed. The number of successful 
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Phenotypic Trait Evaluation  
Plots were walked every other day to score flowering haploid plants for HMF by evaluating the 
presence of healthy fertile anthers (Figure 2). Haploids are most commonly male sterile. Most sterile 
plants do not exert anthers out of the glumes. Plants were scored male fertile when at least one 
healthy anther was extruded from a glume on the tassel, similar to other studies on HMF 
(Melchinger et al., 2016; Molenaar et al., 2019). If scored fertile, the plant was tagged for counts 
after flowering was complete. After flowering, the number of fertile (tagged) plants was counted and 
divided by the total number of haploid plants in the row to compute the fraction of male fertile 
plants. For confirmation, one replication at AF was hand pollinated to show that fertile anthers 
contained viable pollen.  
 
Statistical Analyses 
For the analysis of the HMF ratio (see equation 1)  
( )            
                    
                      
 
was logit transformed (see equation 2) 
( )             
         
           
  
as reported by Kleiber et al. (2012). The combining ability analysis was calculated using DIALLEL-
SAS05 (Zhang et al., 2005) considering all F1s and reciprocals, also known as method 3 (Hallauer, 
1988). In our experiments, we did not sample germplasm, but characterized defined lines. Thus, a 
fixed effect model was considered. Estimates were computed for general combining ability (GCA), 
specific combining ability (SCA), GCA x Environment (GCAxENV), SCA x Environment (SCAxENV), 
reciprocal (REC), and REC x Environment (RECxENV). All calculations were done using DIALLEL-SAS05 












Figure 3 summarizes the least square means across environments for the 15 F1 hybrids and 
their reciprocals ordered from highest to lowest HMF. The average value for HMF across all hybrids 
and locations was 23%. A427/A637 had the highest estimated HMF across environments at 46% 
followed by its reciprocal cross at 38%. The top five HMF hybrids are all HMFxHMF crosses. The 
lowest estimated HMF was found for A637/WF9 at 9%. There are no HMFxHMF crosses in the worst 
five hybrids with two of the five being non-HMF x non-HMF crosses. Estimates for inbred HMF rates 
in the separate experiment with two replications at AF were as follows: A427 (94%), A637 (65%), 
CR1HT (71%), PA91HT1 (71%), WF9 (0%), NK778 (71%). Figure 4 summarizes the distribution of DH 
lines generated from the pollination of the single replication at AF. The highest percentage (75%) for 
DH lines per attempted pollination was for the cross A427/PA91HT1 and the highest percentage for 
DH lines produced per total number of haploid plants in the row was for PA91HT1/WF9 with (33%). 
In general, the lowest estimates (zero successful pollinations) were combinations with PA91HT1 and 
WF9. Also included in Figure 4 are averages across all diallel combinations for each line. The average 
values for DH lines per attempted pollination were as follows: A427 (23%), A637 (32%), CR1HT 
(32%), PA91HT1 (32%), WF9 (14%), and NK778 (25%).  
   
Diallel Analysis 
In the combining ability analysis (Table 2) the effect of environment, GCA, SCA, and GCAxEnv 
interaction were all significant at the 0.001 level.  There was no significant effect for the direction of 
the cross (reciprocal effect) (Table 2). Positive general combining abilities were estimated for A427, 
A637, and NK778 (Table 3) though only GCA for A427 was significant. CR1HT, PA91HT1, and WF9 
produced negative GCA estimates with significant GCA estimates for PA91HT1 (P<0.05) and WF9 
(P<0.05). A427 produced the highest positive GCA estimate (17.1%). PA91HT1 produced the lowest 
negative GCA with a -8.3% reduction in HMF. Significant (P<0.05) SCA estimates were found for 












Rates of HMF 
The efficient and economic production of DH lines requires the ability to produce fertile 
haploid plants at a high percentage. Based on experience with standard colchicine doubled DH line 
production at the ISU-DHF, an average of about 20-25% of colchicine treated plants will produce 
fertile anthers for pollinations (Liu et al. 2016; Vanous et al. 2017). These 20-25% of plants are the 
result of thousands of seeds being germinated in trays, subsequently individually treated with 
colchicine and then transplanted into the field. Doubling rates of 24% were obtained in a replicated 
experiment conduced on haploids produced from B73 with different colchicine application methods 
(Vanous, 2011). However, across the 15 F1s and their reciprocals in this experiment (Figure 3), an 
average HMF rate of 23% was achieved without transplanting and colchicine treatment.  This is a 
substantial improvement over colchicine induced doubling and might lead to significant savings of 
both time and money when introduced into breeding programs. Our inferences are limited to the six 
lines pre-selected for their HMF abilities to be used in our diallel. However, breeding with HMF lines 
was started in 2014 and haploids grown in 2015 as part of a line development program showed HMF 
ranging from 5-30% without colchicine from crosses between HMF lines and non-HMF elite 
germplasm (data not shown). In addition to elite temperate germplasm, the HMF lines were crossed 
to temperate adapted tropical populations developed at ISU and haploid progeny in these crosses 
also showed HMF of 24% (Verzegnazzi, personal communication). Preliminary experiments identified 
the HMF lines as A427, A637, and NK778 based on HMF in self- and cross-combinations. However, as 
was seen across all environments, CR1HT (21.9%) and PA91HT1 (18.9%) expressed moderate levels 
of HMF in cross combinations though none was expected based on preliminary experiments. This 
was especially evident when significant SCA estimates were found for PA91HT1/WF9 (25.5%) and 
CR1HT/WF9 (23.3%). This is further supported by the percentage of successful pollinations per 
haploid population from specific F1s such as PA91HT1/WF9 (33%) and CR1HT/WF9 (11%). It seems 
that CR1HT and PA91HT1 complement well with WF9 and express HMF. This was not expected, 
however, and it suggests that HMF is not a simply inherited trait, and more complex genetic factors 
need to be considered. Ren et al. (2017) found that there is a major QTL for HMF on chromosome 6, 
along with additional minor QTL in Chinese germplasm. Considering their findings as well as our 
findings, a sensible next step would be to test whether or not the major QTL found by Ren et al. 
(2017) can increase HMF levels to those achieved through colchicine treatment and those described 
here. Showing that this is possible would make HMF a viable (and less expensive) alternative to 
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Utilization of HMF in breeding populations 
Though it is clear that there is potential for the use of HMF in breeding programs that utilize 
the maize in vivo maternal DH system, there are challenges that must be addressed before HMF can 
be fully utilized in breeding populations. Unlike maternal haploid inducer development, where the 
objective is to create a single inducer that works well with any germplasm, incorporation of HMF 
may require the trait to be moved into all active breeding populations being used for DH line 
development. The ideal situation would be that HMF is caused by a single major gene, which is 
simply inherited, and not affected by environment or the genetic background it is moved into. 
However, based on the results of this study, it is evident that HMF will be more challenging to work 
with. Effects of environment and genotype by environment interactions will interfere with the usage 
of HMF across recipient germplasm. For example, average HMF at AF was 65% while average HMF at 
CS was 43%. Though there was likely some effect of the person scoring, AF and PI were scored by the 
same person, and showed a 18% difference in HMF. Adding to the complexity, our hypothesized best 
combination A427/A637 expressed 35.7% HMF at AF (the best location on average) and 50.7% at IL 
(the worst location on average).  The more complex nature of its inheritance, with both significant 
GCA and SCA, complicates the way HMF can be utilized in elite germplasm. The effect of recipient 
genetic background will affect strategies for incorporation into breeding populations. The complexity 
identified in this study shows there is substantial variation in HMF that may be quantitatively 
improved as well as suggesting that surprises in its inheritance (e.g. PA91HT1/WF9) may occur. The 
advantages of this type of variation, as opposed to a single major gene, are that existing populations 
might be improved through selection without requiring introgression and/ or that better HMF might 
be able to be found through a larger screening of inbred lines. If the HMF trait is already present in a 
part of the adapted germplasm, the strategy would be to utilize the native variation to improve the 
trait, or to move the trait into a closely related line and work the population. However, if the trait is 
not present it may be best to incorporate HMF into a subset of the adapted germplasm and then 
combine this with the breeding pool to help mitigate negative effects. 
Effects of environment complicate the use of any trait in a breeding program as do genetic 
by environmental interaction. In this experiment, the effect of environment was significant, which is 
not surprising as we used very different environments including Texas and the Midwest. Estimates 
for rates of HMF were 65% (max=78%, min=5%) at AF, 43% (max=51%, min=0%) in CS, 41% 
(max=67%, min=0%) in IL, and 47% (max=71%, min=0%) at PI. Though the lowest average rates of 
HMF were in CS (likely the highest stress environment for inbreds), the location with the most plots 
with zero fertile plants was in IL with a total of 19 plots, ten of which were HMF line combinations. 
The highest observed rate was 78% at AF, though these differences likely are somewhat due to the 
effect of the person scoring.  Of the few reports considering HMF in the literature, two (Wu et al., 
2017; Kleiber et al., 2012) used multiple environments for their trials. Kleiber et al. (2012) reported 
no significant effect of environment, while the results of Wu et al. (2017) support our findings that 
environment has a significant effect on HMF.  It will be important, moving forward, to consider the 
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A simple effect of environment would mean that certain environments are more conducive 
to the expression of HMF. However, with significant GxE interactions, particular lines performed 
differently in specific locations.  For example, for the A427 crosses, when crossed by A637, A427 
performed, on average, 19% worse at AF as compared to PI, IL, and CS. In contrast, A427/CR1HT 
performed 25% better at PI than the average of AF, IL, and CS, and over 30% better than AF alone. 
For AF, the best performer was NK778/WF9 (68%), and the worst performer was A427/CR1HT (34%). 
For CS, the best performer was PA91HT1/NK778 (61%) and the worst performer was WF9/A637 
(36%). For IL, the best performer was A637/A427 (59%) and the worst performer was A637/PA91HT1 
(34%). For PI the best performer was A427/CR1HT (69%) and the worst performer was A637/WF9 
(40%). The only consistency of the best performers was A427/CR1HT at AF and PI. These two 
locations (AF and PI) are located in adjacent counties in Iowa. It seems that the adaptation of the 
inbred lines could be playing a role in the expression of the trait. Consideration will need to be given 
to the HMF line used for specific environments. Alternatively, the HMF trait can be moved into the 
germplasm that is adapted to that specific environment.  
Simply moving the trait into new germplasm, however, may not be the entire answer. The 
combining ability analysis summarized in Table 3 shows that there are both additive and epistatic 
effects that must be considered when working with HMF. Significant GCA indicates additive genetic 
effects that are passed on to progeny making line conversion, and/or development of new elite 
germplasm straightforward. This supports earlier findings where recurrent selection for HMF was 
practiced on a small scale, leading to an increase in the rate of HMF in a population (Zabirova et al., 
1993), as well as reports that variation for HMF exists (Geiger and Schönleben, 2011). A427/A637 
was far superior to all other combinations, and could thus be used to make three-way crosses to 
increase the rates of HMF. However, it is important here to consider what is giving this significant 
SCA effect. Though the nature of HMF is unknown, it is likely being expressed in the haploid plant 
since if the genome doubled very early in development (i.e. in the embryo formation), the plants 
would look exactly like their inbred parent which is not the case. Since the haploid genome only has 
a single copy of the genome, even if doubled it is a 100% homozygous inbred, excluding dominance 
effects. Thus, SCA must result from additive x additive epistatic effects in the haploid genome. 
Epistatic effects can be exploited when making breeding crosses in DH breeding programs. The 
ability to produce HMF in hybrids where a HMF line and a non-HMF line are crossed makes the 
selection process even simpler. This ability to recover HMF is seen in the overall averages for the 
inbreds in Figure 4 where both HMF and non-HMF inbreds produced DH lines. Selection pressure will 
be placed on the haploids, as only those haploids which double will produce progeny and 
consequently non-HMF progeny will be eliminated from the populations without the aid of 
colchicine. There could, however, be potential drawbacks to this selection pressure at the haploid 
level. For example, if any unwanted loci are linked to or are in gametic phase disequilibrium with loci 
controlling HMF, allowing only fertile haploids through the selection bottleneck could result in 
undesirable phenotypes in the breeding populations. The production of HMF haploids in PA91HT1 
and CR1HT crosses, as evidenced by the significant SCA (Table 3) suggests that there is some 
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selection for HMF, the loci segregating in the germplasm may have complimentary loci which when 
combined produce HMF. Ongoing mapping studies will further elucidate this question. As seen for 
HMF, lines such as A427 provide positive and significant GCA estimates, suggesting that it carries 
alleles that are additive in nature and work well with other germplasm. In contrast, there is PA91HT1 
and WF9 which produce significant negative GCA estimates, but positive SCA estimates (Table 3) 
suggesting that they carry alleles that are important for HMF, but only work in combination with 
other alleles. It seems that the inheritance of the trait may not be as straightforward in many cases 
as originally hypothesized. 
 
How then, should the genetic architecture of this trait be characterized for use in breeding 
crosses and selection? Published reports of haploid fertility in maize generally conclude that there is 
significant genetic variation in HMF, the trait is quantitatively controlled, and that selection for the 
trait is possible (Chaikam et al., 2019; Ma et al., 2018; Kleiber et al., 2012; Geiger and Schoenleben, 
2011; Geiger et al., 2006; Chalyk, 1994). These studies concluded that in their particular germplasm, 
varying from proprietary breeding germplasm to unadapted tropical germplasm, significant variation 
is present for HMF and that this variation is selectable. When comparing an untreated control to 
nitrous oxide doubling, Kato (2002) showed that untreated maize haploids were doubling due to 
HMF at 11%, similar to the rates (12%) observed first by Chase (1952). Wu et al. (2014) also reports 
identification of HMF in Zhengdan958 at a maximum rate of 3.52% and rates in other germplasm 
ranging from 3.85%-1.06%. Sugihara et al. (2013) report on a single locus fdr1 which was mutated 
with sodium azide which produced fertile haploid plants at a rate of 48%. Finally, Wu et al. (2017) 
reported rates of HMF in 20 inbred lines ranging from 4.8 – 85.5% and in 31 elite single cross hybrids 
ranging from 20.2 – 81%.  Based on the combining analysis, new hypotheses can be developed about 
the genetic nature of HMF. Two QTL mapping studies have been conducted using different pools of 
germplasm looking at HMF. The first, conducted in China by Ren et al. (2017) drew conclusions that 
support our hypotheses, though they did it in separate germplasm. Their group found a QTL in bin 
1.11 (qhmf1) which came from the parent ‘Zheng58’, while three more where found in bins 3.06 
(qhmf2), 4.02/03 (qhmf3), and 6.07 (qhmf4) which come from the second parent ‘Yu87-1’. This 
supports what we observed in our population, that HMF is a complex trait controlled by multiple 
loci. However, there are lines containing loci conferring a large positive effect for HMF.  A427 may 
potentially carry several of these alleles, or a major allele that allows it to have a positive GCA across 
all the lines. However, CR1HT and PA91HT1, while having negative GCA estimates (Table 3), have 
high SCA estimates for specific crosses (Table 3).  
The most challenging aspect of working with HMF will be the complex nature of its 
expression and inheritance. Both additive and epistatic gene action, likely with some form of 
complementation in the germplasm is occurring. Further studies need to be conducted for mapping 
loci controlling HMF, investigating negative effects of the trait, and finally to study performance of 
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Potential Applications 
 
One obvious advantage of substituting colchicine based artificial haploid genome doubling 
by spontaneous genome doubling, assuming at least equal success rates in DH line development, is 
expected cost reduction for DH line production by more than 50% based on cost estimates of the DH 
Facility at ISU (data not shown). Moreover, the ability to produce large number of fertile haploids 
cheaply could allow for the development of new breeding strategies where selection can be 
conducted at the haploid level. Currently no selection, other than natural selection, is conducted at 
the haploid level and all DH lines are advanced to testing. It could be possible to sample DNA from 
haploids and use genomic selection or marker assisted selection strategies to select among the 
haploids and advance only those lines which are of interest based on marker information. 
Consideration to this possibility was given by Wu et al. (2014) where the efficiency of selection using 
genomic selection was contrasted with selection pressure applied at the haploid versus the DH level. 
It was concluded that in order to make GS at the haploid level more effective a success rate for 
generation of DH lines from haploids without colchicine of 17% would be needed (Wu et al., 2014). It 
is possible, that with enough pollen production, that testcross seed could also be made at this level. 
Based on the results presented here, it would be possible to use the haploid selection scheme 
presented by Wu et al. (2014) to make GS more effective at the haploid level.  
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Origin Pedigree GDD† to Silk GRIN NPGS#‡ 
A427 non-stiff  Minnesota CC36 x A405 1318 Ames 23435 
 stalk     
A637 stiff stalk Minnesota CO106 x A321 1522 Ames 23475 
CR1HT non-stiff  Nebraska W117Ht x Mo17Ht 1178 PVP#8400042 
 stalk     
PA91HT1 stiff stalk Hawaii Oh40B, L317, WF9 1640 Ames 25372 
WF9 stiff stalk Indiana Indiana strain of  1522 Ames 19293 
   Stiff Stalk Synthetic   
NK778 stiff stalk Minnesota W117 x B37Ht 1400 PVP#8700045 
†Growing Degree Days 
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Table 2. Analysis of variance table for Griffing’s method 3 fixed model diallel analysis of HMF.  
 
Source of Variation df MS F-value P-value 
     
Env††  3 6.9181 29.81 <0.001* 
Reps(Env) 8 0.2139 0.92 0.4991ns† 
     
Hybrids 29 0.9204 3.97 <0.001* 
      GCA‡ 5 2.716 11.704 <0.001* 
     SCA§ 9 1.858 8.006 <0.001* 
     REC¶ 15 0.232 0.999 0.456ns 
     
Hybrid x Env 87 0.3459 1.49 0.0098* 
     GCAxEnv 15 0.7385 3.1825 <0.001* 
     SCAxEnv 27 0.32067 1.3818 0.10646ns 
     RECxEnv 45 0.26292 1.1329 0.274ns 
     
Error 29 53.8411 0.232 
 *significant at the 0.05 probability level 
†ns, nonsignificant at the 0.05 probability level 
‡ GCA = general combining ability 
§ SCA = specific combining ability  
¶ REC = reciprocal 















Table 3. Combining ability table for the six parent diallel for HMF. GCA estimates are on the 
diagonal (bolded) and SCA estimates are on the upper off diagonal. Only the top half of the matrix 
was filled in as there was not significant reciprocal effects. Data is presented in percentages which 
were obtained from using the inverse logit function to convert the HMF data back into a ratio.  
 
 
A427 A637 CR1HT PA91HT1 WF9 NK778 
A427 17.13%* 12.40%* -3.27%ns,† 1.56%ns -6.55%ns -0.54%ns 
A637 - 1.57%ns 5.28%ns 1.70%ns -13.41%* 3.95%ns 
CR1HT - - -2.15%ns -13.85%* 23.28%* 3.64%ns 
PA91HT1 - - - -8.28%* 25.46%* 0.36%ns 
WF9 - - - - -6.10%* -6.01%ns 
NK778 - - - - - 5.09%ns 
*significant at the 0.05 probability level 
















Figure 1. Side by side comparison of A637 inbred and A637 haploid. General phenotype of plants is 
identical. However, the haploid plants are always shorter and less vigorous, they typically have 










Figure 2. Fertile tassels in haploid field trials. Outer four pictures show examples of the tassel 
phenotypes when healthy anthers are shedding pollen on an HMF  plant. The center picture gives a 
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Figure 3. Least square means of HMF across all environments. HMF is presented in a ratio of male 
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Figure 4. Summary of pollination success for pollinations made in single replication at Iowa State 
University Agronomy Farm. Solid bar denotes ratio of successful pollinations (DH lines) made per 
fertile plants (attempted pollinations). Dotted bar denotes ratio of successful pollinations made per 
total haploid plants in the row. Also included are totals across all combinations for each of the inbred 
lines in the diallel. 
 
